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LOW COST ROOM TEMPERATURE The sensor of FIG* 1 is operated in a current mode when 

ELECTROCHEMICAL CARBON MONOXIDE the sensing and counter electrodes 16. 14 are connected to 
AND TOXIC GAS SENSOR WITH HUMIDITY each other through load resistor R^, or are connected to a DC 
COMPENSATION BASED ON PROTONIC power source (not shown) which electrically drives the 

CONDUCTIVE MEMBRANES 5 protons across proton conductor 12. 

A prior art room temperature proton conductor sensor 
This is a continuation-in-part ofU.S. Pat application Ser. developed by General Electric using a polymer porous 
No. 08/381,718 Filed on Jan. 31, 1995. now U.S. Pat No. support material saturated by a liquid proton conductor, has 
5,573.648, titled "Gas Sensor Based on Protonic Conductive been constructed as an electrochemical amperometric CO 
Membranes", which is incorporated herein by reference, io gas sensor (the G. E. Sensor). In the G. E Sensor, a liquid 

1. The Field of the Invention reservoir was used to provide the liquid proton conductor to 
The invention relates to electrochemical gas sensors, and the porous support material. Rrotons, which are indicative of 

particularly relates to humidity compensated eiectrochemi- the ambient CO concentration, were driven across the 

cal gas sensors having a sensing electrode, a counter porous support material through the liquid conductor by a 

electrode, and a solid proton conductor for room temperature is DC voltage. Electrical current response of the sensor to 

detection of the concentration of carbon monoxide (CO) in ambient CO concentration was linear. The cost of the sensor 

the ambient. with such a complicated design, however, is high and is thus 

2. Background of the Invention not be suitable for practical consumer applications. 

In most prior art solid state commercial gas sensors, it is In U.S. Pat No. 4,587.003. a room temperature CO gas 
necessary to heat the sensor element to elevated tempera- 20 sensor using a liquid proton conductor is taught Basically, 
tures in order to acquire both fast response time and high the mechanism and design of the sensor were similar to the 
sensitivity to objective gases. For example, N-type semi- G. E. sensor, except that the outside surfaces of the sensing 
conductor tin oxide gas sensors and catalytic combustion and counter electrodes of the sensor in this patent were 
type Pd/Pt gas sensors must usually be operated in a tern- coated by porous NAFION™ layers. Hie CO room tem- 
perature range of ca. 200° to 500° C. These sensors must be 25 perature gas sensor taught in the parent currently costs about 
equipped with heaters connected to external power sources. $200.00. The lifetime of such a sensor is about 6-12 months 
Therefore, room temperature CO gas sensors, which use less due to the rapid drying of the liquid of the electrolytes. In 
power, are desirable. addition, the sensor requires maintenance due to leakage and 

It is well known that CO reacts with moisture in air at corrosion of liquid electrolyte, 

room temperature, and forms protons, electrons, and C0 2 in 30 Other types of gas sensors incoiparating a liquid proton 

an oxidation reaction of CO. conductive electrolyte are also known. In particular. U.S. 

Pat No. 5228,974 discloses a liquid proton conductive 

co+H 2 o-*co 2 +2iF+2<r (i) electrolyte of an aqueous solution of calcium nitrate and 

T4 . . . _ . . _ . ^ rf lithium nitrate. Additionally, U.S. Pat No. 5,126,035 dis- 

Itisako known M 35 ^ noma liquid proton conductive electrolyte, 

by combining protons, electrons, and oxygen in a reduction ft fa Qecessa ^ ^ gas sensors to ' routindy 

reac on ot oxygen. re-caiibrate the gas sensor so that the drift of its output signal 

2H t +2*-+20 2 -»H z o (2) ^ be corrected. This drift in the signal is due to the fact that 

such sensors must be exposed to the ambient in order to 

These two reactions are the basis of prior art room 40 sample the desired target gases and. through such exposure, 

temperature zero power electrochemical gas sensors utiliz- the liquid electrolyte slowly dries during the sensor service 

ing a proton conductor. FIG. 1 shows the transport processes time, as described above. As a result of this process, the 

of such a CO gas sensor. A protonic conductor 12 conducts proton conductivity of the liquid electrolyte changes and the 

ionized hydrogen atoms from a sensing electrode 16 where change in relationship between electrical current and gas 

the sensor signal originates from the oxidation reaction of as concentration results in the need to re-calibrate these gas 

carbon monoxide at sensing electrode 16. Ionized hydrogen sensors. The re-calibration requirement of such gas sensors 

atoms, each of which constitutes a single proton, are con- limits their applications. For instance, it would be imprac- 

ducted through protonic conductor 12 to a counter electrode deal to install a carbon monoxide sensor in a residential 

14. Electrons that are liberated in the oxidation of carbon home that required re-calibration. As such, re-calibratable 

monoxide at sensing electrode 16 are conducted through an so gas sensors may be suitable for industrial lab applications 

electrical lead 22 to voltage meter 18, through an electrical and would be practically excluded from consumer applica- 

lead 20, and to counter electrode 14 for a reduction reaction tions. 

of oxygen. In a steady state reaction, the hydrogen ions are Liquid proton conductive electrolytes used in current 

transported from sensing electrode 16 to counter electrode amperometric room temperature electrochemical gas sen- 

14 in the depicted potentiometric CO gas sensor. 55 soars are known to have long term stability problem. One 

The current generated by the reactions depicted in FIG. I such source of problems threatening stability of such sensors 

can also be measured by an amp meter 24 having a resistor is the use of fine noble metal particles in such gas sensors to 

R L 26, which circuit represents a transport process of an catalyze the electrochemical reactions with the target gas. 

amperometric CO sensor. Absent amp meter 24. resistor R^ It is known that an electrical or an electrochemical driving 

26, the leads thereto which are shown in phantom, transport 60 force such as DC power for a period of time, such as a month 

processes of a potentiometric CO gas sensor are shown for or longer, will cause the size of the noble metal particles 

voltage meter 18 and leads 20, 22. used in such centers to increase. Particle size increase will 

Whether the transport processes shown in FIG. 1 are for cause a reduction in performance of the sensor so as to affect 

potentiometric CO gas sensor or for an amperometric CO its long term sense of stability in accurate sensor signal 

sensor, electrons from the process of the oxidation reaction 65 output Additionally, in prior art gas sensors a large gap is 

of carbon monoxide travel as seen in arrow 21 in FIG. 1 needed between the sensing electrode and the counter elec- 

through leads 20, 22. trode to ensure that a liquid electrolyte can mix and maintain 
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a uniform distribution in prior art gas sensors. As a conse- of this further improved sensor to CO was very weak, and 

quence of the large gap between electrodes, the internal was in the nA range even as a DC power source was applied, 

conductivity of the sensor becomes too small to generate a Apparently, the internal resistance of the sensor was too 

detectable current signal therebetween. As such, a DC power large. Calculations based on this further" improved sensor 

source is required to act upon the gas sensor as a driving 5 dimensions indicates that the ionic resistance of the proton 

force so as to generate a detectable proton current. conductor membrane is about 400 K-ohm. which is too large 

Additionally, while DC power is being supplied to the gas to generate a useable strong signal. Further development and 

sensor, water moisture or vapor in the ambient decomposes improvement of the planar CO gas sensor, which incorpo- 

into protons, electrons, and oxygen. rated a sensing mechanism, resulted in performance that was 

The background proton electrical current is a function of io still in nA range of sensor response, 

both humidity and voltage of the DC power source. Should Rrom the above, it can be seen that it would be desirable 

there be a change in either humidity or DC bias voltage, then to provide a solid proton conductor in a gas sensor mat had 

the background proton electrical current also changes with a strong response signal and was relatively rapid in response, 

the resulting error in the signal output from the sensor. Thus, Additionally, it would be desirable to provide humidity 

gas measurements using such prior art gas sensors are 15 compensation with both a strong and rapid signal response 

inaccurate. from the gas sensor. 

From the above, it can be seen that there is a need for a „__ c _ 

practical electrochemical, room temperature gas sensor that SUMMARY AND OBJECTS OF THE 

does not require periodic re-calibration, mat does not expe- INVENTION 

rience background electrical current drift, and does not 20 It is an object of this invention to provide a low cost room 

experience long term stability problems. temperature, electrochemical gas sensor, for carbon monox- 

The discovery of room temperature solid proton conduc- ^ oft^ toxic gases, having a low ionic resistance, a 

tors aroused considerable efforts to investigate low cost rapid response, and a strong signal to the detection of 

all-solid electrochemical room temperature CO gas sensors. gaseous CO in the ambient Hie alcohol and toxic gases that 

One such sensor that was developed was a room temperature 25 ^ be sensed by the inventive sensor, each of which is 

CO gas sensor with a tubular design using proton referred to herein as an analyte gas. include methyl alcohol, 

conductors, electronically conductive platinum or the like as ethy i alcohoL etc, and may also include H 2 , H^. H 2 0 vapor, 

the sensing electrode, and electronically conductive silver, j^ ox< e t c 

gold, graphite or the like as the counter electrode. The Bis afi^erobjectof the present invention to provide an 

sensing electrode decomposed carbon monoxide gas to 30 electrochemicaL room temperature gas sensor that does not 

produce protons and electrons, whereas the counter- rcqujre periodic re _ caKhration , ^ eliminates background 

reference electrode exhibited no activity to decompose car- electr ical current drift, and that does not experience long 

bon monoxide with the result that a Nernst potential term instability y^wn to prior art gas sensors, 

occurred between the two electrodes. Thus, carbon monox- T . . „ A ... . 4tktm . „ „ . _ ■ , „ ,. . 

ide eas was detected. 35 11 1S a fuither object of mventlon t0 provide a solid 

In detecting carbon monoxide with the tubular design ^^^^^l^^ ^ conduc- 

6 , , , , ° tivitv of which is tune independent and has a large enough 

sensor, protons and electrons are generated at the sensing Z„l^-Z Afl t Snr ™™ !. ttl 

electrode! For the reaction to be continued, protons and ™*^«* t *° *f ™ DC P ° W 15 needed * 

electrons must be removed from the reaction sites, and CO eiectncai proton curreni. 

and moisture must be continuously provided from the gas- 40 ^ 1DVentlve electrochemical sensor has both a sensing 

eous phase to the reaction sites. Therefore, the CO reaction electrode a C0UI f* electrode or optionally a sensing 

only occurs at three-phase contact areas. The three-phase electrode a count electrode, and a reference electorode 

contact areas consist of the proton membrane phase, the Each of the sensm S and counter electrodes can be made of 

platinum electron phase, and the gas phase. Due to the athin by* of a noble ^etal alternatively, a thicker layer 

limited three-phase contact areas in the tubular design 45 of mixed protonic-electronic conductors so as to encourage 

sensor, the COreaction was slow. Additionally, as aresult of a «* fox reactions electrodes either of 

this slow reaction, the response signal was weak Further, the which <* ust fast 8 as reaction kmefacs and a conti- 

Nernst potential was not zero in clean air. nuitv » &c transport of electrical charges so as to avoid 

A modified electrochemical CO room temperature gas polarization effects at the electrodes, thus achieving a fast 

sensor using a planar or tubular sensor design was a subse- 50 and s£ron S response by the sensor in the presence of 

quent development to the earlier tubular design CO sensor. ^ gas. 

In order to overcome the problem mat the Nernst potential A further aspect of the inventive gas sensor is that either 

is not zero in clean air experienced with the earlier tubular two electrodes or three electrodes are required, whereas 

design CO sensor, the improved design proposed a four prior art S as sensors alaways require three electrodes and a 

probe measurement method for CO gas detection. The 55 DC power supply. 

improved design achieved a zero reading in clean air, and the These objects have been achieved by an electrochemical 

improved sensor was insensitive to variations in relative room temperature gas sensor having a solid proton conduc- 

humility. Theoretical analysis based on electrochemistry. tive electrolyte membrane. The gas sensor has a lower cap 

however, indicates that there is no difference between the having a water reservoir therein, a perforated washer cov- 

four probe method and the normal two probe method of the 60 ered over by a hydrophobic microporous lower membrane, 

earlier tubular design CO sensor. The improved sensor still a proton conductive membrane coating with catalysts on 

used electronic conductors for both the sensing and counter both sides serving as electrodes thereto, a sealing ring that 

electrodes, and showed slow and weak response signals to electrically insulates the lower cap containing the water 

CO gas. from a perforated upper cap. Optionally, the gas sensor may 

A still further improved design of a CO sensor is a room 65 be also provided with a dust filter covering over the perfo- 

temperature electrochemical gas sensor using a solid poly- rations to the upper cap to prevent the contamination of the 

mer proton conductor with a planar sensor design. Response inside of the gas sensor from ambient dust The novel sensor 
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design, may include thin film noble metal or mixed proton- FIG. SB depicts the inventive sensor electrical current 

electron conductive electrodes, various embodiments of output in increasing CO concentration at dual relative 

which may also include an electrochemical analyte gas humidity. 

pump to transport analyte gas away from the counter elec- mG 6 ^ ov/s ^ electrically conductive thin electrically 

trode side of the gas sensor. While the inventive sensor is 5 conductive film electrode, permeable to water vapor, in 

referred to herein as a CO sensor it is contemplated that the coma ^ a coUector> md a protonic co nductiv e 

invenuvesensorisalsocapableof sensing alcohol gases and membrane having either a planar or nonplanar interface, 

other toxic analyte gases disclosed herem. ^ dectron conductive phases, gas phases, and three- 

These and other objects and features of the present * Q contact areas, 

invention will become more fully apparent from the follow- 10 r . . 

ing description and appended claimTor may be learned by , \ ^ ows * f otomc^ectronic conductive 

the practice of the invention as set forth hereinafter. ***** permeable to water vapor fee electrode being 

^ shown in contact with a current collector, and a protonic 

BRIEF DESCRIPTION OF THE DRAWINGS conductive membrane having either a planar or a nonplanar 

In order that the manner in which the above-recited and interface in amplified view of the materials therein having 

other advantages and objects of the invention are obtained, protonic and electronic conductive phases, gas phases, and 

a more particular description of the invention briefly three-phase contact areas. 

described above will be rendered by reference to specific FIG. 8 is an alternative embodiment of the inventive gas 

embodiments thereof which are illustrated in the appended sensor having a water reservoir and three electrodes which 

drawings. Understanding that these drawings depict only a are a sensing electrode, a count electrode, and a reference 

typical embodiment of the invention and are not therefore to electrode, 
be considered to be limiting of its scope, the invention will 

be described and explained with additional specificity and DETAILED DESCRIPTION OF THE 

detail through the use of the accompanying drawings in PREFERRED EMBODIMENTS 

which: 25 The inventive CO sensor features a solid protonic con- 

FIG. 1 is an electrochemical gas sensor showing the ductive membrane operable at room temperature and having 

transport processes of both a potentiometric CO sensor and a f ast high signal response. To achieve a fast detection 

an amperometric CO sensor, where hydrogen protons are an( i a high signal response, it is desirable to provide a 

conducted through a protonic conductive membrane situated qq se nsor having a low bulk ionic resistance. Bulk ionic 

between sensing and counter electrodes, where electrons 30 resistance R^ of the inventive sensor is equal to 
travel between said electrodes away from the protonic 

conductive membrane, where the sensing electrode is the -r>JL 

locus of the oxidation reaction of carbon monoxide insti- ~ S 

gated by a catalyst, and the counter electrode is the locus of where o ^ ^ ionic specific resistivity of the protonic 

the synthesis of water from the products of theeiectrochemi- 35 ronductrve membrane, S is the cross section area of the 

cal reaction of the sensor. protonic conductive membrane between the two electrodes, 

FIG. 2 shows an embodiment for the inventive electro- and d is the thickness of the protonic conductive membrane, 

chemical gas sensor that is contained in a water containing Resistance of an electrochemical cell includes at least 

can having a cap which encloses a counter electrode and a components: 1) bulk ionic resistance of the membrane, 

sensing electrode, where a protonic conductor is situated ^ 2 ) interface resistance between the membrane and 

between the electrodes, which electrodes are separated by electrodes, and 3) electronic resistance of the electrodes. The 

insulated packing material within the can and cap container bulk ionic resistance of the sensor is reduced to about 1 ohm 

arrangement. by the inventive sensor design, such that R^,^ is not a 

FIG. 3 shows an alternative embodiment of the inventive performance limit. Electronic resistivity of the electrodes is 
electrochemical sensor, further featuring a water reservoir 45 m order of 10 5 ohm-cm and is not a performance limit 
and a CO pump structure. The electrochemical sensor Therefore, the interface resistance, which is relative to the 
depicted in FIG. 4 has four electrodes attached to a protonic available three-phase contact area, becomes the performance 
conductive membrane, two of which are normal sensing and jjmit. The interface resistance of the sensor according to this 
counter electrodes, and the other two electrodes are used to invention has been reduced by introducing mixed proton- 
pump permeated CO out of the counter electrode side of the 50 electronic conductor, or alternatively, a thine film electron 
electrochemical cell In this alternative ernrx>diment of the conductor electrode. 

inventive CO sensor, DC power can be applied in either a Reference is now made to FIGS. 1-8 wherein like refer- 
pulse mode or a constant mode. The electrochemical sensor e nce numerals between different embodiments of the inv en- 
is enclosed within an electrically insulated cap and can tive sensor designate like features, 
design. 55 In FIG. 1. electrical leads 22. 20 are in electrical 

FIG. 4 shows a further embodiment of the inventive communication, respectively, with sensing electrode 16 and 

electrochemical CO sensor, having two protonic conductive counter electrode 14. Measurement of signals output by the 

membranes, the first membrane being used to sense CO, and sensor seen in FIG. 1 is seen in two alternative embodi- 

the second membrane being used to pump permeated CO out ments. In a first embodiment a voltage meter 18 measures 

of the counter electrode side of the electrochemical CO 60 potential differences between electrical leads 20, 22 in a 

sensor. A de-ionized water reservoir in the middle of the potentiometric CO gas sensor embodiment In a second 

sensor is separated on each side thereof from the first and embodiment, an amp meter 24. in combination with a 
second membranes by a microporou s hydrophobic filter and resistor R L 26 provides an amperometric CO sensor embodi- 

an electrode. ment Electrical chrcuitry. as seen in FIG. 1, can be used in 

FIG. SA depicts the inventive sensor electrical current 65 other CO sensor embodiments depicted and described else- 
output over time in an atmosphere of constant temperature where to measure the output thereof. Additionally, such 

and relative humidity with increasing CO concentration. electrical circuity serves as an example and illustration of a 
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means for electrical measurement that is electrically con- counter electrode will be sufficient to saturate the same and 

nected to the sensing and counter-reference electrodes. be constant as long as reservoir 200 contains water therein. 

A sensor 10 in FIG. 2 is shown with an electrically Over a period of the useful service life of sensor 10, the 

conductive can 30 having a reservoir 200 filled with water and reservoir 200 will be evaporated. The proton 

de-ionized water. Can 50 is an example and illustration of a 5 conductivity of protonic conductive membrane 12. however, 

means, containing a volume of water vapor, for exposing a will remain constant and sensor 10 will not require 

surface of a counter electrode to the water vapor. Upon such re-calibration while water is present 

exposure to an atmospheric concentration of a target gas. While FIG. 2 is depicted with a DC power source, it 

such as CO. electrical measurements can be made to detect should be understood that the embodiment shown in FIG. 2 

changes in electrical characteristics of the electrodes. 10 of the sensor may also be operated without a DC power 

The de-ionized water in can 30 may contain an antifreeze source. Operation of the sensor seen in FIG. 2 without a DC 
additive, such as glycol or other known antifreeze. Can 30 power source is desirable in that such a power source will 
may have a sealable opening therein to replenish water in cause noble metal catalysts in protonic conductive mem- 
reservoir 200. Reservoir 200 is separated from counter brane 12 to coalesce into larger particles which tends to 
electrode 14 by a large hole 202 in an electrically conductive 15 reduce long term sensor response and detract from the 
washer 36 covered over by a microporous hydrophobic filter stability of the sensor. Consequently, the small proton resis- 
204. Can 30 has an opening which is covered by a metallic tance of the relatively thin protonic conductive membrane 
cap 32. Cap 32 has a small air sampling hole 206 therein so 12 enables the embodiment seen in FIG. 2 to be operated 
as to provide a venting of sensing electrode 16 to the without a DC power source in the measurement of CO gas 
ambient Hole 206 is optionally covered over with a dust 20 by sensor 10. 

filter 212 to prevent contamination of sensing electrode 16 Protonic conductive membrane 12 will preferably be a 

by ambient dust and other air borne particulate matter. An solid proton conductive electrolyte membrane coated with a 

insulation packing material 34 electrically insulates cap 32 catalyst on both sides thereof. The solid proton conductive 

from can 30. Cap 32, can 30, and washer 36 need not be electrolyte membrane is composed of an organic material, 

electrically conductive when electrical leads 50. 22 are 25 such as a polymer material, or may also be composed of an 

embedded respectively, within electrodes 14, 16. inorganic material such as a metal oxide. Where the solid 

In HG. 2, electrical leads 20, 22 are connected to a protonic conductive electrolyte membrane is an organic 

switching mechanism for sensor 10 made up of a switch 40 membrane, the organic membrane will preferably be a 

that is opened and closed by unit 42 so as to alternatively polymer proton conductive material such as NAFION 

provide a power source 44 in electrical communication with 30 117™, or XUS-1304.10 membrane. NAFION is manufac- 

cap 32 and can 30 of sensor 10. Unit 42. and related tured by DuPont and XUS is manuf actured by Dow Chemi- 

circuitry. serves as an example and illustration of a means cal Co. of the United States of America. Alternatively, the 

for applying a DC power across the protonic conductive organic material may be a R4010-55 membrane supplied by 

electrolyte membrane, and switch 40 and related circuitry PALL RAI Co.. also of the United States of America, 

serves as an example and illustration of a switch means for 35 In the inventive sensor design as shown in FIG. 2, it is 

alternating the connection between the sensing and counter desirable that both area and thickness parameters are opti- 

electrodes from the electrical measurement means to the DC mized. It is beneficial for CO sensor 10 to have a 0.1 mm-1 

pulse power means. mm thick NAFION™ protonic membrane, and that the 

The purpose of the foregoing electrical switching circuitry diameter of sensing and counter electrodes 16, 14 be 

is to provide a switchable CO pump to sensor 10 so as to 40 approximately 1 mm to 15 mm Preferably, CO sensor 10 

direct CO away from counter electrode 14 before and after has a 0.17 mm thick NAFION™ protonic membrane or the 

sensing and measuring CO concentration with sensor 10. If like with 10 mm diameter sensing and counter electrodes 16. 

switchable CO pump circuitry is not included in the embodi- 14, which results in a bulk ionic resistance of 1.0 ohm The 

ment of sensor 10 shown in FIG. 2, then continuous sensing proton conductor for both the sensing and counter electrodes 

without CO pumping is performed by sensor 10. 45 is preferably a copolymer based on a tetrafluoroethylene 

The amperometric sensor also can be combined with an backbone with a side chain of perfluorinated monomers 

electrochemical CO pump, as defined hereinafter, and an containing sulfonic or carboxylic acid groups, especially a 

accurate response will be achieved in such combined sen- NAFION™ 117 material from DuPont, or a R4010-55™ 

sors. material form Pall RAI Manufacture Co., or the like. 

The presence of the water vapor from the de-ionized 50 Where the solid proton conductor of electrolyte mem- 
water in reservoir 200 assures a 100% relative humidity brane is composed substantial of inorganic materials, such as 
exposure to the sensing electrode, protonic conductor and a metal oxide proton conductive material, then it is prefer- 
the sensing electrode, protonic conductor, and the counter able that the metal oxide proton conductive material be 
electrode at all times. This is particularly important in that Sb 2 0 5 4H 2 0 as a composition of materials, 
the resistance of the solid proton conductive electrolyte 55 Microporous hydrophobic membrane 204 will preferably 
membrane is a function of the water vapor pressure to which be an organic material such as CELGARD 2400™ supplied 
the electrolyte membrane is exposed. As such, the proton by Celanese Corporation of the United States of America, 
conductivity of the electrolyte membrane is constant Alternatively, microporous hydrophobic membrane 204 
throughout the sensor's life and does not require may also be a GORETEX™ membraae supplied by W. L. 
re-calibration, where such life is dependent upon the ores- 60 Gore & Associates. Inc. of the United States. Alternatively, 
ence of water in reservoir 200. microporous hydrophobic membrane 204 may also be a 

Hole 202 in washer 36 is preferably larger than hole 206 ZTTEX™ membrane supplied by Norton Performance Plas- 

in cap 32. Preferably, hole 202 will have a diameter of tics Corporation, also of the United States of America, 

approximately 3 mm and hole 206 will have a diameter of Preferably, counter electrode 14 and sensing electrode 16 

approximately 0.2 mm. The relative diametric differences 65 will have a thickness of approximately 0.1 mm and a 

between holes 202. 206 ensure that water vapor pressure at diameter of approximately 13 mm Also preferably, hole 36 

protonic conductive membrane 12, sensing electrode and will have a diameter of 3 mm and hole 206 will have a 
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diameter of 0.2 mm, each hole being in the center of its 
respective piece. Preferably, microporous hydrophobic 
membrane 204 will have a thickness of 0.1 mm and a 
diameter of 10 mm. Preferably, protonic conductive mem- 
brane 12 will have a thickness of 0.1 mm and a diameter of 
20 mm. It is preferable that protonic conductive membrane 
12 be less than 1 mm in thickness so that the resistance of 
the same will be desirably low. It is desirable to have a small 
proton resistance so that the proton electrical current that is 
generated as a result of pressure differences of the target gas 
CO across protonic conductive membrane 12 without apply- 
ing a DC power. The background electrical current will be 
preferably in the nA range or less, which is negligible. 

As an alternative to manufacturing counter electrode 14 
and sensing electrode 16 from mixed protonic electronic 
conductive materials, a thin film of electrically conductive 
film, such as noble metal film which is deposited upon 
protonic conductive membrane 12. may also be used in 
replacement for such electrodes. Preferably, the thin metal 
film will be deposited by sputtering or physical vapor 
deposition, or other known method of depositing a thin 
metallic film, where the film is permeable to water vapor. 
Such a film is seen in FIG. 6, discussed below. 

The purpose of the noble metal thin film is to generate a 
chemical reaction by acting as a catalyst and for conducting 
electrons through a very thin distance provided by the 
deposited layer of thin noble metal film. The thin noble 
metal film is in contact with the protonic conductive mem- 
brane which conducts protons therethrough. By minimizing 
the distance through which electrons are conducted by the 
thin noble metal film, and selecting the thin noble metal film 
to be an excellent electron conductor, then the sensor is 
made most efficient in transferring both electrons and pro- 
tons therethrough in the process of detecting CO concen- 
tration in the ambient. Preferably, the noble metal thin film 
will be in the range of about 50 Angstroms to about 5,000 
Angstroms. By way of example, platinum or palladium are 
suitable noble metal films. It is preferable that the catalyst be 
a good electron conductor while the protonic conductive 
membrane be a good proton conductor. 

The sensor depicted in FIG. 2 may also be constructed and 
used without applying a DC power. This is particularly true 
in that a sensor constructed according to that depicted in 
FIG. 2 absent the electrical circuitry, has a small proton 
resistance. The proton current generated as a result of the 
pressure difference of the target gas across the membrane is 
strong enough to be detected without applying a DC power. 
In such an embodiment of the inventive sensor, the back- 
ground current is in the nA range or less, which is basically 
negligible. Operating the sensor of FIG. 2 without applying 
a DC power is advantageous in that it lends long term 
stability in the performance of the inventive sensor. This is 
true in that the particle size of the noble metal catalyst of the 
electrodes to the inventive sensor do not coalesce when there 
is no DC power applied. As such, the maintenance of the 
small particle size of the noble metal catalyst in the electrode 
prevents the reduction of the long term functionality and 
accuracy of the inventive sensor response. 

Protonic conductors membranes are usually slightly per- 
meable to CO gas. When a membrane is under a carbon 
monoxide partial pressure difference, a very small amount of 
carbon monoxide will permeate across the membrane into 
the counter electrode side. 

Influence of the CO permeation to sensor response usually 
is insignificant because this very small amount of permeated 
CO is instantly converted into carbon dioxide at the refer- 
ence electrode. If a precision CO concentration detection is 



needed. CO concentration in the counter electrode can be 
rnininiized by attaching an electrochemical CO pump to the 
sensor according to this invention. The purpose of an 
electrochemical pumping circuitry is to prevent the buildup 
5 of CO gas at the counter electrode side of the sensor so that 
a precision CO detection is achieved. 

Protonic conductive membrane 12 may be substantially 
composed of a solid, perfiucrinated ion-exchange polymer, 
or a metal oxide protonic conductor electrolyte material. The 
following table serves as a further example of solid state 
protonic conductor which can be used at room temperature 
in the inventive gas sensor. 
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MATERIALS 


1. HjMojaPO^HaO 


6. NAFION™ 


DuPont . (US) 


2. H 3 W 12 P0 4 .29H,0 


7. C membrane 


Chlorine 






Engineer's (Japan) 


3. HUOaPCMHaO 


8. XUS-1304.10 


Dow (US) 


4. ZrCHPO^I^O 


9. R4010-55 


PALLRA1 












Co. (US) 


5. SbjCMHaO 







Protonic conductive membrane 12 is preferably constructed 

25 of materials 6, 7, 8, or 9 which are unreinforced film of 
perfiuroinated copolymers. 

FIG. 3 features counter numerals similar to FIG. 2, with 
identical counter numerals referring to similar structures 
performing similar functions. FIG. 3 shows an alternative 
embodiment of sensor 10. An amperometric measuring unit 

30 44 is in electrical communication with electrodes 14, 16, and 
DC power switching circuity is shown in electrical commu- 
nication with a pair of pump electrodes 15. 17. All of the 
electrodes 14-17 are interfacing with protonic conductive 
membrane 12. The purpose of pump electrodes 15. 17 is to 

35 continuously pump CO away from counter electrode 14 side 
of sensor 10 while continuously sensing the presence of CO 
gas in the ambient This continuous pumping of CO away 
from the side of sensor 10 where counter electrode 14 is 
located serves to give stability to the sensor signal response 

40 to CO concentration in the ambient. The DC power source 
can be operated in either "pulse** mode to pump CO, or in 
the "on** mode to sense CO concentration. In sensor 10, 
depicted in FIG. 3, both can 30 and cap 32 are preferably 
made of electrically insulative materials. 

45 Large holes 38a in washer 36 expose a larger surface area 
of reference electrode 16 to water vapor in reservoir 200 
than the surface area of sensing electrode 14 and count 
electrode 15 exposed to ambient atmosphere. As such, 
protonic conductive membrane 12 and all electrodes are 

50 exposed to substantially 100 percent relative humidity, and 
a positive pressure of the water vapor in reservoir 200 exists 
from each hole 38a to each hole 3Sb due to the partial 
pressure difference therebetween. 
A further embodiment of the inventive CO sensor is seen 

55 in FIG. 4 as a sensor 110. Sensor 110 has two protonic 
conductive membranes 112, 122 that prevent interference 
with the response of sensor 110 due to the detection of CO 
concentrations. Sensor 110 features a can 130 having water 
reservoir 200 therein. 

60 Can 130 is an example and illustration of a means, 
containing a volume of water vapor, for exposing a surface 
of a counter electrode to the water vapor. Upon such 
exposure to an atmosphere concentration of a gas. such as 
CO, electrical measurements can be made to detect changes 

65 in electrical characteristics of the electrodes. 

Material 134 and washer 136 retains first and second 
protonic conductive membranes 122, 112 within can 130. A 
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sensor electrode 116 is on an opposite side of first protonic 
conductive membrane 122 from a counter electrode 114. 
First and second pump electrodes 115, 117 are in contact 
with opposite sides of second protonic conductive mem- 
branes 112. A bottom cap 132A and a top cap 132B have 
holes therein, respectively, having holes 206a, 206&. Can 
130 has large holes 210. 208 therein. 

Due to the geometric of holes 206a, 206i>, 208, and 210, 
there will be a greater exposed surface area of first pump 
electrode 115 to the ambient than the surface area of sensing 
electrode 116 exposed to the ambient Consequently, pro- 
tonic conductive membrane 112 is exposed to substantially 
100 percent relative humidity. 

A DC power source 140 is in electrical contact with first 
pump electrode 115 and metallic can 130 through electrical 
contacts 146 and 144. DC power source 140, and related 
circuity, serve as an example of a means for applying a DC 
power across the protonic electrolyte membranes. Sensing 
electrode 116 is in contact with an electrical measurement 
means 142 through electrical leads 148. 144. DC power 
supply 140 serves as a CO pump to sensor 110. By way of 
example and illustration of an electrical sensing means, a 
meter 142 is used to measure the response of sensor 110 to 
concentrations of CO. 

Sensing electrode 116 is exposed to the ambient through 
hole 206a via microporous hydrophobic dust filter 212. First 
pump electrode 115 is exposed to the ambient atmosphere 
holes 2062?, where the area between reservoir 200 and 
membrane 122 serves as a counter environment for electrode 
114. 

Sensing electrode 116, exposed to the ambient atmo- 
sphere through holes 206a, with first protonic conductive 
membrane 122 performs the function, in combination with 
counter electrode 114 of sensing CO concentration through 
the conduction therethrough of protons. Second protonic 
conductive membrane 112. in combination with first and 
second pump electrodes 115, 117, performs the function of 
pumping CO out of the side of sensor U0 associated with 
counter electrode 114 so as to stabilize the sensor response 
of sensor 110 upon the detection of a concentration of CO in 
the ambient 

FIG; 5A shows sensor voltage response with respect to 
time of the inventive one protonic conductive membrane gas 
sensor seen in FIG. 2. Reference point 90 shows zero time 
with a negligible CO concentration. Reference point 92 
shows an environment of 100 ppm CO after a period of less 
an one minute. At reference point 93 on FIG. 5A, an 
injection of 200 ppm CO is made into the environment such 
that sensor responses maximizes at reference point 94a on 
FIG. 5A. At reference point 94b on FIG. 5A. the atmosphere 
is seen to be opened up to clean air and the sensor response 
decreases by a slight under shoot to reference point 94c on 
FIG. 5A after a period of about one minute. The senor 
response levels back to zero amps as time goes on from 
reference point 94c. FIG. 5A reflects environmental param- 
eters of 23° C and 35% relative humidity. Such a sensor 
current response is seen in a nonJogrimmic scale in FIG. SB, 

FIG. 5B shows the characteristic of the inventive CO 
sensor with respect to its independence of varying relative 
humidity environments. In an amperometric embodiment of 
the inventive CO gas sensor, as can be seen from FIG. SB, 
relative humidity does not interfere with the linear nature of 
the sensor response in increasing environments of CO 
concentration. The ability of the inventive amperometric CO 
sensor to avoid interference with relative humidity is that 
because of the water vapor contained in the housing of 
sensor and the exposure of the protonic conductive mem- 
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brane to the water vapor, the protonic conductive membrane 
is constantly in a state of saturation regardless of ambient 
atmospheric relative humidity. TTius, bulk ionic resistance of 
the inventive CO sensor is constant as relative humidity 

5 changes. Electrical current which is the measurement of 
sensor response, also remains constant. 

In the inventive CO sensor, the sensing electrode is 
exposed to an environment containing CO, whereas the 
sensing electrode, counter electrode side and proton con- 

10 ductor are exposed to a 100 percent relative humidity 
environment The protonic conductive membrane can have 
the thickness so that the reactant oxygen and the produced 
water permeate the membrane. A small part of CO gas also 
permeates through the membrane, but the permeated CO is 

15 consumed by the reaction with oxygen electrochemically 
and catalytically at the counter electrode. 

Alternative embodiments of the inventive sensor are 
depicted in FIGS. 6 and 7, where the protonic conductive 
membrane is seen in two parts. Particularly a nonplanar 

20 surface of protonic conductor membrane 12 is seen at 
portion 12a thereof. A planar surface of protonic conductor 
membrane 12 is seen in portion 12b thereof. By increasing 
the surface area of portion 12a via a nonplanar surface, 
greater contact with the materials of the catalyzing and 

25 electrical conducting electrode thereover is possible. A 
greater contact will ensure a greater conductivity of protons 
and electrons therethrough as well as a greater surface upon 
which to catalyze. The creation of such a nonplanar surface 
may be accomplish by a chemical or physical abrasion 

30 process, or by other known method. 

FIG. 6 illustrates an example of an electrode made of an 
electrically conductive thin film situated upon a protonic 
conductive membrane. The film has an average thickness in 
the range of about 50 Angstroms to 10,000 Angstroms, and 

35 will preferably be in the range of about 4,000 Angstroms to 
6.000 Angstroms. The film is preferable substantially com- 
posed of a noble metaL such as platinum The film may be 
deposited on protonic conductive membrane 12 by sputter, 
or by vapor deposition techniques, or by other known film 

40 layering techniques. 

FIG. 6 is an amplified view of an electrically conductive 
electrode having protonic conductive membrane 12. a cur- 
rent collector electrical lead 22, and an electron conductive 
phase material 82 therebetween. Electron conductive phase 

45 material 82 has a plurality of gaps 80 interstitially placed 
between particles of electron conductive phase material 82. 
A plurality of three-phase contact areas 86 exists and inter- 
faces between protonic conductive membrane 12 and elec- 
tron conductive phase material 82. CO gas in the ambient 

50 corning in contact with electron conductive phase material 
82 produces electrons which are drawn to current collector 
electrical lead 22. CO gas in the ambient coming in contact 
with the interface of electron conductive phase material 82 
and protonic conductive membrane 12 at three-phase con- 

55 ductive contact area 86 will produce hydrogen ions, or 
protons, which are conducted through protonic conductive 
membrane 12. As can be seen from HG. 6. the creation of 
hydrogen ions occurs only at the surface of protonic con- 
ductive membrane 12 at three-phase contact area 86. Thus, 

60 there is limited surface at which the creation of hydrogen 
ions can take place in the embodiment of the electronically 
conducted electrode shown in FIG. 6. 

FIG. 7 shows a mixed protonic-electronic conductive 
electrode having a protonic conductive membrane 12, a 

65 current collector electrical lead 22. and a variety of amplified 
particles therebetween and consisting of an electronic con- 
ductive phase material 82. and a protonic conductive phase 
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material 84. Between particles of protonic conductive phase 
material 84 and electronic conductive phase material 82, 
there are gaps 80 which represent the pores between the 
particles situated between current collector electrical lead 22 
and protonic conductive membrane 12. Electrons are trans- 
mitted to current collector electrical lead 22 when CO gas in 
the ambient comes in contact with three-phase contact area 
86. Hydrogen ions are transported to protonic conductor 
membrane 12 when CO gas in the ambient comes in contact 
with three-phase contact area 86. The creation of both 
hydrogen ions and electrons occurs at each of the plurality 
of three-phase contact areas 86 shown in FIG. 10. Neither 
electrons nor hydrogen ions are created at interface 88 which 
is situated between protonic conductive membrane 12 and 
protonic conductive phase material 84. Similarly, no reac- 
tion to create electrons or hydrogen ions occurs at an 
interface 88 between current collector electric lead 22 and 
electronic conductor phase material 82. 

As can be seen from FIG. 7, the creation of hydrogen ions 
occurs in the three-dimensional area between current col- 
lector electrical lead 22 and protonic conductive membrane 20 
12. Thus, the surface area available to create hydrogen ions 
is greater in the electrodes seen in FIG. 7 as compared to the 
electrode seen in FIG. 6. This additional surface area for 
creation of hydrogen ions is due to the presence of protonic 
conductive phase material 84 in the electrode above protonic ^ 
conductive membrane 12. Conversely. FIG. 6 does not 
contain any protonic conductive phase material situated on 
and above protonic conductive membrane 12. 

The mixed conductor material found in the electrode seen 
in FIG. 7 has desirable benefits, such as provision of a high 
surface area for the CO oxidation reaction in the sensing 
electrode side, and providing a high surface area for the H 2 0 
formation reaction in counter electrode side. The thin film of 
the electrode seen in FIG. 6. while being an efficient 
conductor of electrons, also provides a short path for pro- 
tonic conduction, which tends to be faster than a thicker 
electrically conductive electrode that does not conduct pro- 
tons efficiently. The inventive alcohol sensor based on FIG. 
7 shows large response to alcohol, and the inventive CO 
sensor based on FIG. 6 shows almost zero interference by 
other gases. As can be seen either electrode embodiment of 40 
FIGS. 6 or 7 can be beneficial. Proton conductive membrane 
12 is indicated in both FIGS. 6 and 7 as having either a 
substantially non-planar interface 12a, or a substantially 
planar interface 12b. As such, it is intended that any of the 
electrodes of the inventive sensor, in any of the disclosed 45 
embodiments herein, may be either a mixed proton electron 
conductor material electrode or may be a thin film electron 
conductor material electrode. Further, mixed conductor and 
thin film electrodes may been used in any combination 
thereof within any embodiment of the inventive sensor. 

FIG. 8 depicts an embodiment of the inventive sensor 
having three electrodes. While the foregoing embodiments 
of the inventive sensor used only two electrodes, and thereby 
resulted in cost savings, a three-electrode embodiment of the 
invention is seen as sensor 10 in FIG. 8. Reference numerals 
in FIG. 8 identical to reference numerals in FIG. 2. represent 
similar structures performing similar functions. 

Sensor 10 in FIG. 8 has a reference electrode 15 and a 
counter electrode 14 and on an cap 32 on an opposite side 
of a protonic conductive membrane 12 from a sensing 
electrode 16. Sensing electrode 16 is vented to the ambient 
through a small hole 206a that is smaller than a large hole 
202 vented to reservoir 200 having water vapor therein. A 
microporous hydrophobic membrane 204 is positioned in 
between hole 202 and counter electrode 14. Gasket 36 and 65 
a material 34 retain protonic conductive membrane 12 in can 
30. 



Those of ordinary skill in electrical measurement circuitry 
may incorporate such circuitry to obtain sensor response in 
ambient concentrations of a target gas with sensor 10 in FIG. 
8. including variations of circuitry disclosure herein. 

The inventive CO gas sensor using the mixed protonic- 
electronic conductive materials in the electrodes with high 
surface area of 100 to 1000 M 2 /g shows a shorting current 
as high as 150 uA/cm 2 to 1,000 ppm CO. which is at least 
two orders of magnitude higher compared to the sensors 
with electronic conductive electrodes according to prior art 
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A preferred composition of such electrodes is as follows: 

15 wt % Rn oxide 20 wt % Pt-bhck 

67.5 wt % carbon 55 wt % carbon 

25 wt % NAHON™ 25 wt % NAHON™ 

Other compositions of such electrodes are as follows: 



Pd20wt% 

Carbon 60 wt % 

SbjO^HjO 20 wt % 

Rb25wt% 

Carbon 50 wt % 

R4010-55 25 wt % 

10 wt % Pt on vulcan carbon 

XC72 25 wt % 

NAHON™ 25 wt % 

Ti50wt% 

20 wt % Pt-Bbck 

55 wt % carbon 

25 wt % NAHON ™ 



Pd 20 wt % 

Carbon 60 wt % 

SbjOa^HaO 20 wt % 

Pd25wt% 

Nj50wt% 

R4010-55 25 wt % 

10 wt % Pt on vulcan carbon 

XC72 25 wt % 

NAHON™ 25 wt% 

Ni 50 wt % 

20 wt % Pt-black 

55 wt % carbon 

25 wt% NAHON™ 
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The role of platinum in the sensing electrode is to favor 
the CO decomposition reaction (1) whereas Ru oxide in the 
counter electrode is to favor the water formation reaction 
(2). According to this invention, the Ru oxide, instead of 
expensive platinum and the like, as reported in prior art 
shows excellent CO sensing performance. 

It is also contemplated mat the electrodes disclosed herein 
can be composed substantially of carbon, noble metals, or 
conductive metal oxides. The electrical conducting material 
in electrodes disclosed here is preferably a proton-electron 
mixed conductive material having 10-50 wt % of a proton 
conductor material and 50-90 wt % of a first and a second 
electrical conductor material. The proton conductor material 
for the electrodes disclosed herein is preferably a copolymer 
having a tetrafiuoroethylene backbone with a side chain of 
perfluorinated monomers containing at least one of a sul- 
fonic acid group or carboxylic acid group. Preferably, one of 
the first and second electrical conductor materials for the 
sensing electrodes disclosed herein is 50-99 wt % of carbon 
black, and the other of the first and second electrical 
conductor materials for the sensing electrodes disclosed 
herein is 1-50 wt % of platinum. Also preferably, one of the 
first and second electrical conductor materials for the 
counter electrode is 50-99 wt % of carbon black, and the 
other of the first and second electrical conductor materials 
for the counter electrode is 1-50 wt % of Ru oxide. 

In a composition of 25 wt % protonic conductor in 
electrodes, which is a physically continuous phase, there is 
proton conduction, whereas the rest of the phases in elec- 
trodes provide electronic conduction as well as catalytic 
activity. If without 25 wt % proton conductor in electrodes, 
the electrodes were only an electronic conductor, and the 
reactions (1) and (2), above, would only occur at three-phase 
contact area 86 seen in FIG. 6, which is a very limited small 
area. When the electrodes are made of mixed conductors 
according to this invention, the reactions (1) and (2) will 
occur on all surface of the electrodes. Therefore, by using 



